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ABSTRACT 


The  continuum  absorption  by  ll_0  between  800  and  1250  cm  and  by  CO^  from 
780  to  900  cm”1  has  been  measured.  The  continuum  results  from  the  'extreme 
wings  of  very  strong  absorption  lines  centered  outside  the  800*1250  cm"1 
interval.  Experimental  results  are  compared  with  calculated  vclues  based 
on  various  line  shapes.  The  extreme  wings  of  ^-broadened  HjO  lines  pro¬ 
duce  less  than  0.005  as  much  continuum  absorption  as  se.l f-broadened  i^O 
lineB  at  the  same  pressure.  Self-broadened  1^0  lines  absorb  more  than 
Lor entz* shaped  lines,,  but  the  wings  of  self-broadened  CO^  lines  absorb 
only  approximately  0.01  as  much  In  the.  V80-900  cm"1  region  as  if  they  had 
the  Lorent?,  ohape,  The  shapes  of  the  wings  of  the  C0?  lines  which  produc 
the  continuum  between  780  and  900  cm'1  are  similar  to  those  near  2400  cm" 
for  both  self  btoadening  and  N2  broadening.  Suggestions  on  methods  for 
using  the  results  for  atmospheric  transmission  calculations  are  given. 


11 


TABLE  OF  CONTENT’S 


Section  PfiM 

1  INTRODUCTION  AND  SUMMARY .  1-1 

2  CONTINUUM  ABSORPTION  BY  C02  BETWEEN  1  BO  AND  900  cm*1,  2-1 

Figure  2*1.  Representative  spectral  curves  of  two 

samples  of  pure  CO,,. .  2-2 

Figure  2-2.  Normalized  absorption  coefficient  for 

the  continuum  due  to  self-Droadened  CO^  lines.  .  ,  2-5 

Figure  2-3,  Normalized  absorption  coefficient  for 

the  continuum  due  to  ^-broadened  CO^  lines,  .  .  .  2-7 

Application  to  Atmospheric  Transmission  Calculations.  2-8 

Table  2-1,  Continuum  Absorption  Coefficients  2-11 

Table  2-2.  Modification  Factor  for  Atmospheric  C0„ 

Lines . 7  ,  2-12 

3  CONTINUUM  ABSORPTION  BY  11,0  BETWEEN  800  AND  1250  cm'1  3-1 

Figure  3-1.  Representative  spectrum  of  11  O 

Between  800  and  12  50  cm"1.  . .  3-2 

Figure  3-2.  Plot  of  absorption  coefficient  at 

844.2  cm"1  versus  pressure  ol  a  pure  ll^O  sample.  .  3-4 

Figure  1-3.  Comparison  of  experimental  and  enLeulnted 
continuum  absorption  coefficients  for  1^0 

between  700  and  1250  cm’1 . 3-6 

Figure  3-4,  Comparison  of  the  continuum  absorption 

coefficient  at  three  temperatures .  3-V 

Application  to  Atmospheric  Transmission  Calculations,  3-8 

4  REFERENCES .  4-1. 

11  1 


SECTION  I 


INTRODUCTION  AND  SUMMARY 


The  8-14  (j.  (1250-700  cm  )  window  is  bounded  on  the  low  wavenumber  side 
by  the  very  strong  v2  CO 2  band  centered  near  667  cm-^.  Between  900  and 
1100  cm-^  are  two  bands,  00°1«-10°0  and  00°1— 02  0,  which  have  received 
much  attention  the  past  few  years  because  they  are  involved  in  the  CO2 
laser.  Absorption  in  the  intermediate  region,  from  approximately  700 
to  900  cm" results  from  several,  weak  bands  and  the  continuum  which 
is  due  to  extreme  wings  of  lines  of  the  v2  band.  Section  2  of  this 
report  presents  the  results  of  an  experimental  investigation  of  the  C02 
continuum  between  780  and  900  cm--*-.  The  continuum  absorbs  only  about 
1  percent  as  much  as  it  would  if  all  the  lines  in  the  v 2  hand  had  the 
Lorentz  shape.  At  296K  the  extreme  wings  of  these  lines  are  apparently 
similar  in  shape  to  the  lines  of  the  band  near  2400  cm~^.  Measure¬ 
ments  at  240K  indicate  that  the  continuum  increases  with  decreasing 
temperature  at  a  faster  rate  than  is  predicted  by  simple  theories  on 
line  broadening.  Results  are  presented  for  both  self  broadening  and 
N2  broadening.  Since  the  earth's  atmosphere  is  approximately  80  percent 
similar  to  that  by  N2,  it  is  probably  safe  to  assume  that  N?  broadening 
applies  to  the  atmosphere. 


Until  recently  the  upper  atmosphere  where  the  H~0  concentration  is  low 
was  believed  to  be  very  transparent  near  865  cm-1  where  the  CO2  absorp¬ 
tion  is  minimum.  However,  Murcray  et  al,^  using  a  balloon-borne  spec¬ 
trometer,  have  found  that  HNO^  occurs  in  the  stratosphere  and  absorbs  in 
this  region.  Carbon  dioxide  is  the  primary  absorber  on  the  low  wavenumber 
side  of  the  HNO^  band  while  CO2  and  CL  absorb  on  the  high  wavenumber  ’side 
between  900  and  1100  cm'^. 

Between  900  and  1800  cm  \  the  absorption  by  CO-  is  very  weak  and  probably 
negligible  in  comparison  to  absorption  by  CH^,  N20,  and  H20  in  the  same 
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region.  The  CO.,  absorption  is  due  primarily  to  two  pressure- induced  bands 
o[  the  C^O*6  m&lecule  and  to  two  very  weak  bands  of  Results 

oC  an  experimental  study  of  this  region  will  be  reported  within  the  next 
few  weeks. 

Although  the  absorption  by  RiO  is  relatively  weak  in  the  700-1250  cm  ^ 
window,  many  weak  absorption  lines  occur  throughout,  this  region.  For 
most  atmospheric  paths,  particularly  In  the  lower  atmosphere,  the  absorp¬ 
tion  by  these  weak  lines  is  less  than  the  continuum  absorption  due  to  the 
extreme  wings  of  very  strong  H^O  lines  centered  on  both  sides  of  the 
window,  Section  d  of  this  report  gives  results  of  an  experimental  inves¬ 
tigation  of  the  continuum  absorption  by  pure  HjO.  The  absorption  is  not 
predictable  by  theory  based  on  line  shapes  ordinarily  used.  As  in  the 
case  of  CO2,  the  temperature  dependence  of  the  continuum  Is  also  not 
predictable  by  theory. 


SECTION  2 


CONTINUUM  ABSORPTION  BY  C02  BETWEEN 
780  AND  900  cm'1 


Samples  of  pure  C02  and  CO2  +  N9  were  contained  in  either  of  two  multiple- 
pass  absorption  cells.  The  longer  cell  was  operated  at  room  temperature, 
296K,  with  path  lengths  from  123  m  to  1185  m  and  at  pressures  up  to  1.5  atm. 
The  shorter  cell  provided  path  lengths  between  4.2  and  32.9  m  at  pressures 
as  high  as  14.6  atm.  Temperatures  in  the  short  cell  varied  vetween 
296K  and  240K.  Refrigeration  was  provided  by  liquid  nitrogen  flowing 
in  tubing  coiled  through  a  mixture  of  water  and  ethylene  glycol  in 
which  the  absorption  cell  was  submerged.  The  absorption  cells  joined  a 
grating  spectrometer  built  into  a  vacuum  tank  to  avoid  absorption  by  atmos¬ 
pheric  gases.  Reference  2  describes  the  apparatus  and  experimental  tech¬ 
niques  in  more  detail. 


Representative  spectral  curves  for  two  samples  are  shown  in  Fig.  2-1.  The 
continuum  absorption  due  to  the  extreme  wings  of  very  strong  lines  whose 
centers  occur  below  760  cm-  is  indicated  by  the  broken  curves.  The 
samples  represented  in  Fig.  2-1  are  essentially  opaque  between  approximately 
600  cm  1  and  800  cm-1  as  a  result  of  the  very  strong  lines  in  that  interval. 
The  continuum  absorption  for  a  single  sample  cannot  be  determined  from  its 
spectral  curve  alone,  but  it  can  be  determined  from  samples  covering  a 
wide  range  of  pressures. 


The  transmittance  T(v)  at  wavenumber  v  is  given  by 

T  (v)  =  exp[-uK(v)"j,  or  -^iT(v)  =  uk(v).  (2-1) 

_  O 

The  absorber  thickness  u  is  expressed  in  molecules  cm  u  and  is  proportional 
to  the  product  of  path  length  and  CO2  pressure,  p,  with  a  slight  correction 
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factor  (1  t  0.005p)  to  account  for  t\  non-linear  relationship  between 
CO2  pressure  ami  density.  It^followa  that  the  units  for  the  absorption 
coefficient  k(v)  are  ;noi=^  car. 

In  the  Bpectral  region  of  interest,  where  there  is  absorption  by  the 
continuum  and  by  the  nearby,  or  local .  lines, 

K  -  ( L /u )  /((local)  1  C.  (2-2) 

The  portion  of  the  absorptfon  coefficient  due  to  tht'  local  absorption 
lines  is  denoted  by  /((local),  and  C  is  the  continuum  absorption  coefficient. 
It  is  understood  the  T,  /(,  and  C  arc  functions  of  v;  however,  for  simplicity 
T(v)  is  written  as  T,  k(v)  as  k,  etc.  The  remainder  of  this  section  deals 
with  the  continuum  port  Lon  of  the  absorption  coefficient,  although  K(local) 
was  determined  at  Beveral  wavenumbers  in  order  to  solve  for  C  in  Eq.  (2-2) 
after  substituting  values  for  the  observed  transmittance. 

The  absorption  coefficient  of  the  wing  of  a  coll ision-broadened  line  is 
known  to  be  proportional  to  pressure;  therefore,  we  expect  the  continuum 
coefficient  for  a  mixture  of  p  atm  of  C0o  and  atm  of  Np  to  be  given  by 

C  CS  P  +  CN  ‘V  (2“3) 

The  sel f -broadening  and  Np-broadening  coefficients  normalized  to  1  atm  are 
denoted  by  C°  and  C^,  respectively, 

Before  C  can  he  found  from  a  spectral  curve,  we  muBt  determine  K(local), 
which,  for  sample  pressures  less  than  a  few  atm,  varies  rapidly  with  wave- 
number  because  of  the  line  structure.  Since  the  spectral  Blitwidth  of  the 
spectrometer  was  greater  than  the  line  widths  at  the  low  pressures, 

K (local)  could  not  be  measured  directly  at  a  given  point.  It  ie  known 
from  line-hroa  lenlng  theory  that  the  average  of  /((local)  over  an  interval 
containing  one  or  more  lines  Is  essentially  Independent  of  pressure  if  the 
interval  contains  all  the  l_incs  contributing  to  the  absorption.  Therefore, 
the  average  transmf ttances  T  of  intervals  approximately  3-5  ctn“^  wide  were 
used  Instead  of  transml tinners  rend  from  points  on  the  spectral  curves . 

If  we  consider  onLy  the  trunsiniltance  of  the  local  lines,  (-l/u  p,T  (local) 
is  equivalent  to  x(local).  However,  we  do  no_t  read  T  from  a  spectral 
curve,  hut  a  slightly  different  quantity,  T.  The  difference  between 
these  two  quantities  decreases  with  wider  linos,  and  thus  with  increasing 
pressure;  it  also  decreases  with  increasing  average  transmittance  by  the 
lines.  Wc  first  assumed  /,,T  -t*i-T(local)  1  •T(continuum) ,  and  that 
_£-l/u)  2.nTf(local)  7(loe;\l)  to  calculate  C  and  an  approximate  value  for 
/((local)  by  the  method  described  below.  The  positions  and  approximate 
widths  of  the  lines  are  known,  so  that  hv  applying  simple,  band-model 
theory,  we  were  able  to  calculate  a  corrected  K(local)  and  to  adjust  the 
values  of  T  which  were  then  used  to  determine  C.  The  correction  was 


usually  small  since  the  continuum  was  determined  at  wavenumbers  of  minimum 
absorption  by  the  local  lines.  At  14.6  aim,  the  maximum  pressure  used, 

C  was  usually  from  3  to  10  times  as  great  as  /t(local),  so  that  errors  in 
/((local)  did  not  introduce  large  errors  In  C. 


For  self  broadening,  we  typically  used  two  samples  of  pure  C0„,  one  at 
less  than  5  atm  and  one  at  more  than  10  atm.  At  each  narrow  Interval 
where  the  continuum  was  measured,  the  contribution  of  /t(local)  was  the 
same  for  both  samples,  with  a  small  correction  made  for  the  line  structure 
as  discussed  above.  If  v;e  indicate  the  parameters  of  the  two  samples  by 
subscripts  1  and  2,  and  use  T  to  denote  the  average  transmittance  over  the 
narrow  intervals, 
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P2"P1 


(2-4) 


After  solving  for  Cg,  K(local)  could  be  found  from  Eqs.  (2-2)  and  (2-3). 
Several  pairs  of  samples  were  used  to  determine  Cy  at  each  of  the  narrow 
intervals.  Because  of  the  wide  variation  in  absorption  across  the  interval 
investigated,  each  pair  of  samples  usually  provided  reliable  data  at  only- 
two  or  three  different  intervals.  The  path  lengths  were  typically  adjusted 
so  that  the  transmittance  was  between  0.2  and  0.8  in  order  to  minimize  the 
uncertainty  in  (-  £w'X)  due  to  errors  in  reading  the  spectral  curves  and  in 
placing  the  100  percent  transmittance  curve. 


Values  of  C°  were  determined  by  comparing  the  transmittance,  T^,  of  a 
pure  CO.,  sample  with  T  ,  the  transmittance  of  the  sample  after  had  been 
added  to  it.  It  follows  from  Eqs.  (2-2)  and  (2-3)  that 


Most  of  the  local  fines  between  780  and  900  cm  arise  from  transitions 
from  excited  vibrational  states.  Consequently,  the  line  strengths  decrease 
rapidly  with  decreasing  temperature,  and  the  correction  for  the  local  lines 
was  less  severe  at  240K  than  at  296K.  At  temperatures  significantly  above 
296K,  the  contribution  of  the  local  lines  would  dominate,  making  the  con¬ 
tinuum  difficult  to  measure  accurately. 


The  experimental  results  for  self  broadening  are  summarized  in  Fig.  2-2 
for  the  two  temperatures  where  measurements  were  made.  The  points  are  at 
the  centers  of  the  narrow  intervals  where  the  continuum  was  computed  from 
the  spectral  curves.  Some  of  the  plotted  points  represent  averages  of 
several  measurements.  The  most  careful  measurements  were  made  near  873 
cm”-*-  where  the  local  lines  absorb  the  least.  Large  samples  were  used  to 
determine  K(local),  Cg  and  at  this  point.  These  values  were  then  used 
to  adjust  the  position  of  the  100  percent  transmittance  curves  for  the 
smaller  samples. 
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In  order  to  ensure  that  the  continuum  curve  we  obtained  represented  only 
th©  rcMitr  1  hut i on  Hu#»  to  h?!ov  760  cm* ^ ,  vs  used  tabulated 

strengths  of  the  Lines  within  the  760-900  cm-1  interval  to  estimate  their 
contributions  to  the  observed  results  (See  Reference  3),  Line  shapes 
bused  on  previous  work  in  our  laboratory  were  used  for  the  wings  of  the 
lines.  Except  for  the  Q-branehes,  the  contributions  of  lines  more  than 
5  cm-1  from  the  points  of  measurement  were  negligible.  The  distances 
from  the  Q-branches  to  the  points  of  observation  are  several  times  the 
half-widths  of  the  lines;  therefore,  the  contribution  of  the  Q-branchea 
to  the  absorption  coefficient  is  proportional  to  pressure,  and  cannot  he 
distinguished  from  the  continuum  due  to  very  distant  lines.  The  calcu¬ 
lated  contributions  of  the  Q-branches  were  subtracted  from  the  observed 
results  so  that  the  experimental  curves  represent  only  the  continuum  due 
to  lines  centered  below  760  cm”1.  The  correction  varied  with  temperature 
and  position;  it  was  utually  leas  than  10  percent  and  never  more  than  25 
percent  of  the  observec  resultB. 

A  few  reduced-temperature  measurements  ware  made  when  the  samples  varied 
by  a  few  degrees  Kelvin  from  240K,  These  results  were  adjusted  to  240K 
in  accordance  with  the  temperature  dependence  discussed  below  and  are 
included  as  240K  data. 


Figure  2-2  also  includes  three  curves  of  the  calculated  continuum 
absorption  coefficient,  The  curves  labelled  with  an  L  represent  values 
calculated  by  assuming  that  all  of  the  strong  lines  between  500  and  760 
cm”1  have  the  Lorentz  shape.  The  strengths  and  widths  of  these  lines  are 
reasonably  well  known,  so  that  the  large  deviation  between  the  calculated 
and  experimental  values  can  be  attributed  lo  deviations  from  the  Lorentz 
line  shape.  It  is  ^uite  significant  that  the  observed  continuum  near 
890  cm"1  is  nearly  two  orders  of  magnitude  less  than  the  calculated  value 
based  on  the  horentz  Shape. 


Also  shown  i.n  Fig.  2-2  is 
derived  from  measurements 


a  curve  based  on  n  mod  i  f  t  ed- Lor  on  t  ■/. 
of  the  CO2  continuum  near  2400  cm 
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The  modifled-LorerttK  shape 


extreme  wings  of  strong  linos  in  the 

from  Reference  4  corresponds  to  296K.  ~No  modified  shape  has  been  deter¬ 
mined  for  the  2400  cm-1  region  ut  reduced  temperatures,  so  the  same  shape 
was  used  for  calculations  at  both  temperatures,  The  ox  per  l.nvntal  curve 
for  296K  agrees  well  with  the  modi fled -Lorentz  curve  from  approximately 
780  to  820  cm-1,  but  at  higher  wavenumbers,  the  experimental  curve  lies 
well  above  the  calculated  one.  The  me  dified-Loreruz  curve  near  900  cm-1 
is  strongly  dependent  on  !:!ic  assumed  shapes  ol  lines  more  than  200  cm-1 
from  their  centers.  The  uncertainly  Ln  the  modified  shape  at  such  large 
distances  is  great;  therefore,  t no  factor  of  2  between  the  experimental 
ami  calculated  continuum  is  not  necessarily  surprising 


Figure.  2-3  shows  correspond l ng  curves  for  N^,  broadening.  As  for  H-cll 
broadening,  the  experimental  values  are  approximately  2  orders  ol  magnitude 
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FIG.  2-3.  Normalized  absorption  coefficient  for  the  continuum  due  to 

N9-broadened  C0„  lines.  The  experimental  results  for  samples 
at  296K  and  240K  are  indicated.  The  calculated  continuum  based 
on  the  Lorentz  line  shape  is  indicated  by  the  curves  labelled 
L;  ML  denotes  the  calculated  continuum  based  on  the  modified 
Lorentz  shape  used  in  Ref.  2  to  describe  the  shapes  of 
broadeued  C0„  lines  near  24U0  cm--*-. 


below  those  calculated  on  the  basis  of  the  Lorentz  line  shape.  The  experi¬ 
mental  points  also  agree  well  with  the  modified-Lorentz  prediction  between 
approximately  780  and  820  cm’^,  and,  as  for  the  self-broadening  curves,  the 
experimental  curve  lies  above  the  calculated  curve  at  higher  wavenumbers. 

The  sum  of  the  strengths  of  all  of  the  lines  used  to  calculate  the  con¬ 
tinuum  is  90.6  x  10“19  mol"1  cm2  cm"1.  The  half-widths  of  the  lines 
normalized  to  one  atm  pressure  were  assumed  to  be  0.09  cm  for  self 
broadening  and  0.07  cm"1  for  N£  broadening  at  296K.  Changes  in  the 
strengths  and  widths  of  the  lines  with  temperature  were  accounted  for 
in  the  calculations.  The  strengths  are  based  on  data  from  Kyle*5  and  the 
half-widths  normalized  to  1  atm  were  assumed  to  vary  inversely  as  the 
square-root  of  temperature,  6. 

Values  from  the  smooth,  experimental  curves  in  Figs.  2-2  and  2-3  are 
listed  in  Table  2-1.  The  estimated  uncertainty  in  the  tabulated  values 
is  10  to  15  percent.  The  major  sources  of  error  are  in  locating  the 
proper  100  percent  transmittance  curve  and  in  accounting  for  the  local 
lines.  At  240K,  the  measurements  were  somewhat  less  reproducible  than 
at  296K  because  the  optics  were  less  stable;  but  on  the  other  hand,  the 
correction  for  the  local  lines  was  less  at  the  reduced  temperature. 

The  continuum  absorption  is  seen  to  increase  significantly  as  the  tempera¬ 
ture  decreases,  although  the  calculated  continuum  shows  only  a  slight 
temperature  dependence.  This  experimental  result  is  consistent  with  the 
findings  in  the  previous  study^  of  the  continuum  near  7000  cm"1.  The 
temperature  dependence  on  the  continuum  is  greater  at  the  lower  wavenumber 
end  of  the  interval  than  at  the  higher  wavenumbers.  We  have  derived  a 
simple,  empirical  equation  which  is  shown  as  a  footnote  of  Table  2-1  to 
relate  the  continuum  to  temperature.  The  constant,  t,  which  is  a  function 
of  v,  was  found  by  substituting  the  values  from  the  smooth  curves  for 
experimental  points  at  296K  and  240K  into  the  empirical  equation.  Although 
no  physical  significance  can  be  attached  to  Tg  or  xN,  the  empirical 
equation  is  probably  valid  for  temperatures  between  approximately  220K 
and  320K,  which  covers  nearly  any  situation  encountered  in  the  earth’s 
atmosphere.  A  limited  number  of  data  points  obtained  near  273K  agree 
with  the  empirical  equation  within  experimental  error. 

Application  to  Atmospheric  Transmission  Calculations 

It  is  probably  safe  to  assume  that  C^,  the  normalized  ^-broadening 
coefficient  is  appropriate  for  air  which  consists  of  approximately  807, 

N„  with  only  0,037.  C02.  According  to  Eqs.  (2-2)  and  (2-3)  the  trans¬ 
mittance  of  the  continuum  for  an  atmospheric  path  at  constant  temperature 
and  pressure  can  be  found  from 

-  L  T  =  u  C°,  p  .  ,  (continuum) 

N  air' 
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where  is  determined  from  Table  2-1  for  the  appropriate  temperature, 
and  u  is  the  CO2  absorber  thickness.  Slant  paths,  or  any  path  of  non- 
uniform  temperature  or  pressure,  can  be  divided  into  layers,  each  of 
which  can  be  considered  uniform.  The  value  of  ~ for  the  continuum 
for  the  entire  path  is  the  sum  of  the  corresponding  quantities  for  each 
layer. 


The  transmittance  at  any  wavenumber  is  the  product  of  the  transmittances 
of  the  continuum  and  the  local  lines.  The  continuum  as  given  in  Table  2-1 
accounts  for  all  the  lines  centered  outside  the  789-900  cm-*-  interval. 
Calculating  the  transmittance  of  the  local  lines  can  be  done  by  several 
methods,  including  the  use  of  band  models,  or  line-by-line  techniques  or 
combinations  of  these.  The  line-by-line  method  involves  summing  the 
contributions  of  all  the  lines  at  points  chosen  sufficiently  close 
together  that  the  line  structure  is  retained.  Since  previous  work^  in 
our  laboratory  showed  that  No-broadened  CO2  lines  deviate  from  the  Lorentz 
shape  within  less  than  1  cm”l  from  the  line  centers,  the  Lorentz  shape  is 
not  appropriate  for  the  wings  of  the  lines  and  should  not  be  used.  In 
accordance  with  the  previous  work,  the  values  of  X  listed  in  Table  2-2 
should  be  substituted  into  the  following  equation  to  determine  the  absorp¬ 
tion  coefficient  k  for  each  line  at  a  distance  lv-v  I  from  v  ,  the  line 
center.  Values  of  X  for  |v-v  |  between  the  values  listed  can  be  found 
by  interpolation. 


k  =  k^  X,  where  k^  is  the  Lorentz  coefficient. 


*L 


S  a 

rt  ,  x2  2’ 

(v-vQ)  +  Of 


The  absorption  coefficient  for  all  the  local  lines  is  found  by  summing 
the  values  of  k  for  each  line. 


The  strength  of  the  lines  is  denoted  by  S,  and  the  half-width  by  a.  The 
line  parameters  S  and  a  for  most  of  the  lines  between  780  and  900  cm"l 
have  been  calculated  by  Drayson  and  compiled  by  Kyle.-^  Preliminary  com¬ 
parisons  of  the  calculated  values  with  some  experimental  results  obtained 
recently  in  our  laboratory  show  fair  agreement.  We  plan  to  adjust  the 
strengths  of  many  of  the  lines  to  be  consistent  with  the  experimental 
results  and  publish  the  revised  values  within  the  next  few  months. 

Considerable  computer  time  can  be  saved  in  a  line-by-line  method  without 
introducing  significant  error  by  excluding  the  contribution  of  the  extreme 
wings  of  the  local  lines.  Because  of  the  high  concentration  of  lines  in 
the  Q-branches,  these  lines  produce  a  significant  portion  of  the  absorp¬ 
tion  at  points  further  from  their  centers  than  do  the  other  local  lines. 
The  absorption  coefficient  at  any  point  can  be  approximated  by  including 
the  calculated  contribution  by  the  continuum,  the  three  Q-branches  near 
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793,  828,  and  866  cm*1,  and  the  local  lines  centered  within  3  cm  1  of  the 
wausMimhBi-  nf  tntufest,  The  other  local  1  inse  may  be  excluded. 

The  criteria  for  truncating  the  contribution  of  each  line  is  only  approxi- 
mate  but  is  baaed  on  imiiitUidihg  the  error  due  tu  truncation  less  than  3 
or  6  percent  of  the  total  absorption  coefficient.  It  1b  clear  that  lines 
could  be  truncated  closer  In  some  regions  than  in  others,  and  that  the 
distance  depends  on  temperature  since  the  loeai  iines  and  the  continuum 
vary  quite  differently  with  temperature.  More  complicated  criteria  could 
be  developed  to  save  even  more  computer  tlme|  however,  the  ones  given 
above  are  simple  to  apply  and  probably  adequate. 
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TABLE  2-1 


CONTINUUM  ABSORPTION  COEFFICIENTS 


V 

-1 

cm 

o  ,  .26 

cs  *  10 

(at  296K) 

C°  x  1026 
(at  240K) 

Ts 

C°  x  1026 
(at  296K) 

o  -26 

C[)x  1° 

(at  240K) 

tn 

780 

78 

161 

3.5 

26 

37.1 

790 

55.9 

112 

3.4 

20 

28.8 

40.7 

80 

3.3 

15.5 

22.3 

1.8 

810 

30.4 

58 

3.1 

12.4 

17.5 

1.7 

820 

23.4 

42.5 

2.9 

10 

13.7 

1.6 

830 

18.2 

31.3 

2.6 

8.1 

10.8 

1.4 

840 

14.3 

23.1 

2.3 

6.7 

8.6 

1.2 

850 

11.3 

17.4 

2.1 

5.5 

6.9 

1.1 

860 

9.0 

12.8 

1.7 

4.52 

5.5 

0.92 

870 

7.1 

9.7 

1.5 

3.75 

4.37 

0.76 

880 

5.7 

7.3 

1.2 

3.0 

3.49 

0.59 

890 

4.52 

5.5 

0.96 

2.59 

2.0 

0.37 

Values  of  C°  and  C°  are  in  mol  cm  atm  ;  t_  and  tn  are 
dimensionless.  From  the  data  at  two  different  temperatures, 
we  have  derived  values  for  Tg  so  that  Cg  can  be  calculated 
at  other  temperatures  by  use  of  the  following  equation: 

Cg(0)  =  Cg (296K)  [e/296]  S. 

Corresponding  values  of  are  also  given  for  broadening. 
No  physical  significance  is  attached  to  ig  and  The 

empirical  equation  is  probably  adequate  for  temperatures 
encountered  in  the  earth's  atmosphere,  but  is  not  recommended 
for  more  extreme  temperatures. 
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SECTION  3 


CONTINUUM  ABSORPTION  BY  H20  BETWEEN 
800  AND  1250  cm"1 


Figure  3-1  shows  a  representative  spectrum  of  H^O  in  the  800-1250  cm 
region.  The  H20  absorption  in  this  region  is  different  than  in  most 
regions  since  a  significant  portion  of  it  is  due  to  the  extreme  wings 
of  much  stronger  lines  whose  centers  occur  outside  the  region.  These 
extreme  wings  give  rise  to  the  continuum  absorption  which  can  be  approxi¬ 
mated  by  drawing  a  smooth  envelope  curve  through  the  points  of  maximum 
transmittance.  Within  the  region  there  are  several  narrow  intervals  at 
which  the  influence  of  lines  closer  than  a  few  cm-1  is  much  less  than 
the  continuum  absorption.  The  continuum  has  been  investigated  by  making 
measurements  at  these  small  window  regions. 

Calfee  and  Benedict3  have  calculated  the  strengths  and  widths  of  all  the 
Ho0  lines  in  a  wide  range  of  wavelengths,  including  the  8-12  p  interval. 
These  calculations  are  based  in  part  on  atmospheric  spectra  obtained 
with  the  sun  as  a  radiation  source.  Although  the  calculated  strengths 
and  widths  of  many  of  these  lines  may  require  adjusting  as  better 
experimental  results  become  available,  they  are  generally  known  well 
enough  that  reliable  absorption  calculations  can  be  made.  The  remainder 
of  this  section  deals  with  the  continuum  absorption,  which  has  received 
most  of  the  attention  in  the  H^O  study  since  least  was  known  about  it. 

As  discussed  in  Section  2,  the  transmittance  of  the  continuum  for  an ' 

H20  +  N2  mixture  is  related  to  the  absorber  thickness  u  and  the  normalized 
absorption  coefficients  by 

(-1/u)4t  =  C  =  C°  P  +  CN  V  (3-1) 
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The  HjO  and  partial  pressures  in  atmospheres  are  denoted  by  p  and  p^> 
respectively. “and  the  absorber  thickness  u  Is  In  molecules  cm"’.  The 
coefficients  Cg,  CjJ,  and  clie  iitiiiKiiiiLi-unce  T  are  slowly  varying  functions 
of  v  for  the  continuum. 


Figure  3-2  showei  a  typical  plot  of  the  observed  absorption  coefficient 
versus  pressure  of  a  pure  H„0  sample  at  one  of  the  narrow  windows.  In 
accordance  with  Eq.  (3-1),  the  absorption  coefficient  is  proportional  to 
pressure,  thus  confirming  the  assumption  that  the  absorption  is  due  to 
the  continuum  rather  than  to  unresolved  lines. 


We  have  found  that  «  Cg  for  fUO  continuum  absorption  between  800  and 
1250  cm“l.  In  facL,  cjjj  is  so  small  we  have  not  been  able  to  measure  it 
reliably.  Further  attempts  to  measure  thiB  quantity  are  planned  for  the 
near  future.  The  remainder  of  this  section  deals  with  self  broadening 
only. 


From  the  calculated  values  of  strengths  and  widths  of  the  very  strong 
HjO  lines  centered  outside  the  700-1250  ern"^  Interval,  we  have  calculated 
tne  continuum  expected  within  the  interval.  In  accordance  with  previous 
work”  in  our  laboratory,  we  assumed  that  at  a  given  pressure  self-broadened 

H„0  lines  are  five  times  as  wide  as  N„-broadened  lines,  for  which  the 
/  /.  ' 
values  of  Calfee  and  Benedict  apply.  The  calculations  were  made  for  the 

three  different  line  shapes  shown  below  which  have  been  proposed  for 

collision-broadened  lines. 


(v-vor 


(Simple  Lorentz)  (3-2) 


it  v  ,  .2 

°  <“o) 


,  ,2  2 

(v+vo)  . 


(Full  Lorentz,  Ref,  7) 
(3-3) 


£  In. 

/t  V  v 
\  o 


,  c  2  2 

(v-vQ)  *  ,i 


(v-'vQ)  +  f 


- - — ~  .  (Van  Vleck-Weisskopf , 

+  “  Ref.  7)  (3-4) 


In  most  cases  of  interest  in  the  infrared,  |v-v  |  l<  v  ;  so  that  all 
three  of  the  above  equations  arc  equivalent  and°the  simple  Lorentz  equa¬ 
tion  is  used.  The  centers  of  many  of  the  fines  contributing  to  the  H„0 


continuum  li<>  below  .300  cm”  ^  so  that 


|  may  exceed  v  .  Consequent 


calculated  values  based  on  the  various  shapes  are  quite  different. 


p (atm) 

FIG.  3-2,  Plot  of  absorption  coefficient  at  844.2  cm  1  versus 

pressure  of  a  pure  1^0  sample.  The  sample  is  at  387K 
and  the  path  length  la  933  meters. 


Curves  of  the  calculated  continuum  coefficient  are  shown  in  Fig.  3-3, 
along  with  points  representing  our  experimental  results.  From  the  results 
w*a  conr ^ ud?  thst  tlis  cxtrsns  nn «a  scl  H  0  3bssrH  tuOs*c 

than  Lorentz  shape  lines.  By  contrast,  we  recall  from  Section  2  that  the 
extreme  wings  of  self-broadened  COg  lines  are  much  less  absorbing  than 
Lorentz  line?.  Although  we  have  been  unable  to  measure  C^,  the  normalized 
absorption  coefficient  ^or  the  No-broadened  H.,0  continuum,  we  believe  that 
it  is  less  than  0.005  C^.  Therefore,  we  conclude  that  the  extreme  wings 
of  N^-broadened  1^0  lines  also  are  weaker  than  Lorentz  lines. 

A  normal  atmosphere  contains  less  than  4  percent  HpO.  Thus,  if  C^  and  C° 
were  approximately  equal,  broadening  would  dominate  and  -  ilr* T  would 
vary  linearly  with  p,  the  HjO  partial  pressure.  (-  is  equivalent  to 
absorptance  A  for  A  <<  1.)  However,  since  C^.  «  Cg,  self  broadening 
dominates,  at  least  in  a  moderately  humia  to  humid  atmosphere.  Conse¬ 
quently,  -  £ T  for  the  continuum  may  vary  as  p^.  This  strong  dependence 
on  p  may  be  the  reason  for  the  unusually  large  increase  in  atmospheric 
absorption  with  increasing  humidity^ observed  in  long,  horizontal  paths 
by  Taylor  and  Yates  and  by  Streete  and  In  slant  paths  by  Blgnell  et  al 
who  used  the  sun  as  a  radiation  source. 

McCoy,  Kensch,  and  Long1*  have  used  an  absorption  cell  similar  to  ours  to 
make  lt.,0  absorption  measurements  with  a  CO„  laser  source  operating  at  the 
line  TvO.  This  laser  line  is  known  to  be  isolated  from  any  significant 
H^.0  absorption  line,  so  that  the  absorption  by  water  vapor  is  due  to  the 
continuum.  Their  results  for  pure  water  eapor  compare  favorably  with  ours 
at  the  same  wavelength. 


Figure  3-4 
temper a tur 
lug  temper 
theory  i f 
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compares  experimental  results  for  IVJ  at  three  different 
es.  The  absorption  coefficient  decreases  rapidly  with  inc/.'eas- 
aiure  throughout  the  region,  a  result  which  is  contrary  to 
we  assume  that  the  iine  shapes  remain  the  same.  Varanasi,  Chou, 

^  have  measured  the  absorption  by  a  2  cm  long  sample  of  I^O 
pressure  and  approximately  500°K.  We  have  obtained  a  value  at 
from  one  of  their  curves  and  calculated  the  absorption  coefficient, 
of  their  curve  is  too  small  to  be  read  ich  better  then  25% 
but  It  Is  approximately  2.7  x  10"^^  mol  ^  cm^  at  1  atm. 
we  conclude  that  the  absorption  coefficient  continues  tc 
ith  increasing  temperature. 


Varanasi,  Chou,  and  Penner  have  suggested  that  the  continuum  absorption 
in  this  region  results  from  the  association  of  water  molecules  due  to 
hydrogen  bonding,  rather  than  to  the  extreme  wings  of  the  rotational 
and  vibration-rotational  lines.  The  absorption  coefficient  by  the 
mechanism  they  propose,  like  the  absorption  due  to  the  extreme  wings  of 
lines,  Is  expected  to  increase  linearly  with  pressure.  The  mechanism 
proposed  by  Varanasi  et  al  is  based,  at  least  in  part,  on  the  strong 
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FIG.  3-4.  Comparison  of  the  continuum  absorption  coefficient  at  three  temperatures. 


temperature  dependence  of  the  absorption.  The  temperature  dependence 
that  we  have  observed  is  not  in  contradiction  with  the  assumptions  on 
binding  energy  suggested  by  these  workers.  However,  since  so  little 
is  known  about  the  behavior  of  the  extreme  wings  of  lines,  absorption 
by  them  cannot  be  ruled  out. 


>lication  to  Atmospheric  Transmission  Calculations 


The  H^O  transmittance  at  any  point  in  the  window  region  is  the  product 
of  the  transmittances  of  the  local  lines  and  the  continuum.  The  strengths 
and  widths  of  the  local  lines  have  been  calculated  and  tabulated  by  Cal  fee 
and  Benedict5  so  that  their  contribution  can  be  determined.  We  plan  to 
compare  the  calculated  values  with  values  based  on  some  experimental 
results  and  to  make  adjustments  where  necessary.  Preliminary  comparisons 
indicate  that  only  minor  adjustments  will  be  required. 


At  any  point  between  approximately  850  and  1150  cm  ,  the  contribution 
by  all  the  local  lines  more  than  5  cm“^  away  can  be  ignored  since  it  is 
much  less  than  that  due  to  the  lines  within  5  cm“l  and  to  the  continuum 
due  to  lines  centered  outside  the  700-1250  cm”  region.  From  1150  to 
1250  cm-*  and  from  700  to  850  cm”*-,  several  lines  occur  which  are  much 
stronger  than  any  between  850  and  1150  cm  .  Because  of  these  stronger 
lines,  the  influence  of  all  lines  within  10  cm"^  of  a  point  of  calculation 
should  be  considered  in  the  700-850  cnf*  and  1150-1250  cm  regions. 


The  continuum  absorption  due  to  self  broadening  can  be  calculated  by 
- .(LjI  =  u  C°  p,  (continuum) 

where  p  is  the  ^0  pressure.  Values  of  Cg  can  be  obtained  from  Fig.  3-4. 
Since  there  is  quite  a  strong  temperature  dependence,  and  no  data  are 
provided  for  temperatures  below  296K,  extrapolation  to  lower  temperatures 
may  be  required.  Although  there  is  little  physical  justification  for  the 
type  of  empirical  equation  given  with  Table  2-1,  this  equation  is  probably 
adequate  for  extrapolation  to  lower  temperatures  encountered  in  the 
atmosphere.  Values  of  t  for  the  equation  can  be  determined  from  the 
curves  in  Fig.  3-4.  Extrapolation  to  very  low  temperatures  may  introduce 
sizeable  errors  in  the  continuum  coefficient;  however,  at  these  tempera¬ 
tures  the  H„0  pressures  are  so  low  that  the  H,}0  continuum  absorption  is. 
slight. 

As  discussed  above,  C°  is  very  small  and  difficult  to  measure.  At  present 
we  have  not  been  able  to  obtain  reliable  values  for  this  quantity.  Until 
other  data  are  available,  we  suggest  that  C°  =  0.005  C°  be  used  to 
determine  the  continuum  due  to  and  0„  broadening  of  the  lines. 

This  relationship  between  C°  and  Cg  is  based  on  data  of  McCoy,  Rensch, 
and  Long.^  Our  results  indicate  that  the  constant  (0.005)  should  be 
even  smaller;  therefore,  values  calculated  by  use  of  this  constant  will 
probably  represent  a  maximum  contribution  by  the  ^  and  0^  broadening. 
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We  plan  to  continue  investigating  the  1^0  absorption  in  this  region  in 
order  to  obtain  reliable  values  for  and  to  determine  the  temperature 
dependence  of  C°  and  Cg.  Publication  of  a  scientific  report  containing 
the  improved  data  is  expected  within  a  few  months. 
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